ABSTRACT A weak protein solution extracted from chicken breast meat was exposed to three types of packaging materials. The crude myofibrillar protein solution (12.0 mg protein/mL buffer) was suspended in a 0.6M NaCl/NaPO 4 buffer, then placed in bags made from either polyethylene (nonbinding film), a nylon blend (binding film), or Surlyn ™ (binding film). Two separate experiments were conducted to determine the effects of exposure time at a constant temperature and varying endpoint exposure temperatures on the amount of bound protein by amino acid analysis. Bound amino acids were quantified and grouped by class based on functional side group. It was theorized that differences in the amount of bound amino acid class was linked to the mechanism by which the meat-to-film binding occurs. The protein solution was sealed in bags and held in a water bath for 5 s, 20 min, 40 min, and 60 min at 25.8 C for the timed experiment and heated from 25.8 C to 40, 55, 70, and 80 C for the temperature experiment. Protein adhesion occurred due to exposure of the solution to all films at 25.8 C. Greater protein adhesion was found in the two binding films than in the nonbinding film after 60 min of exposure. Heating the protein solution increased adhesion for the Surlyn ™ film and showed a clear delineation in the degree of binding between the film types. Surlyn ™ bound the most protein, followed by the nylon blend and then polyethylene. Bound protein increased in the Surlyn ™ film with heating to 80 C, whereas the polyethylene did not show an increase in the amount of bound protein. Increases in binding observed between 55 and 80 C for Surlyn ™ may be associated with transitional and conformational changes in muscle proteins that affect the adhesion of meat to the film surface.
INTRODUCTION
The characteristics of a food product depend on the functional properties of the constituents that make up the product. The quality of meat products that are cooked in the package are also somewhat dependent on the interaction between the package material and the meat. In a meat product, the protein-protein interactions during processing affect characteristics such as: 1) waterbinding ability, 2) fat stabilization, 3) particle-to-particle adhesion, and 4) the development of color properties (Acton and Dick, 1984) .
The protein gel network formed during the heating of myofibrillar proteins results from an unfolding and opening of binding sites, which results in the formation of a gel matrix (Ziegler and Acton, 1984) . This unfolding has been followed by differential scanning calorimetry and several transition temperatures have been observed (Wright, 1977; Xiong and Brekke, 1990) . Rodger and Wilding (1992) stated that above a critical myosin concentration in solution, the rheology of the solution will change from a viscous liquid to a gel-like state. The critical concentration or the time required for gel formation was not specified (Rodgers and Wilding, 1992) . The gel-like interaction was also found to be reversible by shearing. Protein solutions were observed to form aggregates when held at refrigerated temperatures (Acton and Dick, 1984) . It has been theorized that meat-to-film interactions occur prior to heating and that these phenomena may be related to meat-to-film adhesion during heating.
Meat-to-film adhesion has been examined by the "peel" test (Rosinski et al., 1989 (Rosinski et al., , 1990 . The inherent problem with this method is that unless the meat and film separate at the meat-film interface, the test may examine meat-to-meat adhesion. That is, if chunks of meat pull off with the film, the meat has not broken its bonds with the film, but with other meat particles. By using a protein solution extracted from muscle tissue, the concentration of the solution can be controlled, and fat and connective tissues can be removed.
There are various types of bonds associated with the formation of proteins and in forming polymers used in flexible packaging materials. Interactions (binding) between the meat proteins and the packaging material possibly involve similar types of bonding found within meat protein and plastic polymers themselves (Rosinski et al., 1989) .
Proteins are formed when two amino acids combine via a condensation reaction. The carboxyl group and amine group form a peptide bond; therefore, proteins are in a sense "polymers of amino acids". The secondary and tertiary structure of proteins are a result of hydrogen bonding, hydrophobic interactions, electrostatic forces, and van der Waals forces between the amino acid polymers (Zubay, 1984) . Some plastics are very similar to the amino acids in the bond types that hold them together. For example, nylon 6,6 is a synthetic polymer formed from the combination of adipic acid and hexamethylenediamine (Jenkins and Harrington, 1991) . The nylon 6,6 polymer is formed from repeating units of these compounds and are held together by peptide bonds formed via dehydration (loss of a water molecule). Thus, nylon polymers are held together as films using similar interactions that hold meat peptide chains together. The use of 6 nylon is more common in packaging because it has a lower softening point and wider melting range, and thus is easier to heat-seal and coextrude. Six nylon has repeating structural units held together with the peptide bond
The objective of this study was to examine both exposure time and heating temperature effects on meat protein to packaging film adhesion for a nonbinding film (polyethylene) and two binding films (nylon and Surlyn ™ ). The research was divided into two separate experiments, one to examine the exposure time effects and the second to determine endpoint temperature effects on binding.
MATERIALS AND METHODS

Protein Solution Preparation
Fresh chicken breast tissue was acquired from a local retailer. After extensive fat and epimysial tissue removal, 150 g of meat and 1,000 mL of chilled distilled water were blended by being simultaneously chopped at high speed for 30 s in a blender. 3 The meat slurry was decanted into two 1-L tubes and centrifuged 4 for 10 min at 1,000 × g. The supernatant was decanted and the two pellets were carefully transferred back to the blender using three 50-mL rinses of cold distilled water for each pellet totaling 300 mL of water. An additional 700 mL of chilled distilled water was added for a total of 1,000 mL of added water. The slurry was blended for 30 s at high speed setting, centrifuged for 10 min at 2,000 rpm, and the supernatant decanted.
A pH 6, 0.6 M buffered solution was prepared by mixing 139.2 g of NaCl and 56.8 g Na 3 PO 4 in 4 L of cold distilled water. Each pellet was then rinsed three times with 50 mL of the buffered solution. An additional 700 mL of the buffered solution was added to the blender and the slurry was chopped for 30 s to extract the salt soluble myofibrillar proteins at a 1:8 dilution. The weak myofibrillar protein solution was stored overnight under refrigeration (2 C) (not more than 18 h).
The micro-Kjeldahl (AOAC, 1975, section 47 .021) analysis for total nitrogen content was used to determine the protein content of the weak protein solution. The total nitrogen present in the solution was 2.24 mg/mL, which is approximately equal to 14.0 mg/mL of protein (N × 6.25). The protein solution was diluted to 12.0 mg/mL using 233.33 mL of the pH 6 sodium phosphate buffer solution to ensure that the identical protein concentration could be maintained in Replication 2. Amino acids analyses were performed separately on each of the protein solutions used for the two experimental replications and on the film surfaces exposed to the solution during the experiment.
Three flexible packaging films with chemically different sealant layers (polyethylene, nylon blend, and Surlyn ™ ) were formed into 4 cm × 10 cm bags. 5 Twenty-five milliliters of the weak protein solution were added to the bags and heat sealed under a slight vacuum 6 (Setting 2). The sample preparation methods were identical for Experiments 1 and 2.
Experiment 1. Timed Treatments
The weak protein solution was packaged in each of the three film types. The packaged samples were clipped vertically into a rack with metal clips and held in a 25.8 C water bath. Each film type was exposed to the protein solution for 0 (5 s), 20 min, 40 min, and 60 min.
Experiment 2. Temperature Treatments
A second set of samples was prepared in the same manner as the timed samples. The packaged samples were clipped vertically into a rack with metal clips and submerged in a 25.8 C circulating water bath. Each of the temperature-treated samples were removed when the water bath reached 40, 55, 70, and 80 C. The heating rate was 1 C/min. The temperature of the protein solution was monitored by placing a copper constantan thermocouple attached to a data logger 7 inside one bag (not used for analysis); the inside temperature lagged less than 0.5 C behind the water bath temperature.
Sampling and Rinse Procedure
For the timed and temperature-treated samples, the protein solution was drained and a 20 cm 2 area of film was cut from each bag. The film sample was rinsed for 10 s in each of a series of three beakers containing 300 mL of distilled water. The film samples were then placed in a 50-mL screw-top test tube and frozen.
Hydrolysis and Evaporation
Hydrolysis of the 20-cm 2 film pieces was performed according to Moore and Stein (1963) . A 20-mL aliquot of 6 M HC1 was added to each test tube, Teflon was placed around the threads and the cap was tightly sealed. The samples were heated at 130 C for 22 h. The 6 M HC1 was removed from the hydrolysate via vacuum evaporation using a water aspirator in a rotary evaporator at 65 C. Samples were rinsed with distilled water three times during this step. The evaporated samples were diluted with 5 mL of sodium citrate buffer (0.20 N Na + , pH 2.20) prior to injection into the amino acid analyzer. 8 Amino acid analyses of the protein solutions were conducted on a 1-mL aliquot mixed with 9 mL of 6M HCl for hydrolysis. After the hydrolysate was removed by vacuum evaporation, the sample was diluted to 5 mL with sodium citrate buffer. Thus, a 1 to 5 dilution of the original 12 mg protein/mL was analyzed. A similar procedure was used for analysis of the 20 cm 2 film pieces such that the 1 to 5 dilution meant the raw data were per 4 cm 2 of film. These values were converted to milligrams of amino acid per 100 cm 2 of film.
Statistical Analysis
The timed and temperature effects were performed and statistically analyzed as two separate experiments. Each experiment had two replications with duplicate samples within the replicates and were analyzed as randomized complete block design. In the first experiment, there were three film types and four different times to define the 12 treatments. In the second experiment, there were three film types and four different temperatures to define the 12 treatments. The treatment main effects (film type, temperature, or time) and the two-way interaction (film type by temperature or film type by time) and replication effect were included in the experimental model with the remaining interactions used as the error term. Treatment effects and two-way interactions were subjected to ANOVA. Where treatment effects and interactions were found to be significant (P < 0.05), means were separated (P < 0.05) using pairwise t tests (SAS Institute, 1994) . All ANOVA and mean comparison calculations were performed using the GLM procedure (SAS Institute, 1994) . Each value for amino acid bound to film is a result of four observations.
RESULTS AND DISCUSSION
Protein Solution Characterization
The solution in Replicate 2 had a greater concentration of total amino acids than did the protein solution used in Replicate 1 (Table 1 ). Some differences were also observed between individual amino acids and groups. The protein solutions from each replication were characterized to determine the variability of extraction but were not subjected to statistical analysis.
The protein concentration of 12 mg/mL was not considered to be above the "critical concentration" described by Rodgers and Wilding (1992) at which the protein solution will change from a viscous to gel-like state during heating above the thermal transition temperatures of muscle proteins (∼80 C). However, it was determined by trial and error to be superior to concentrations of 4, 8, 9, and 11 mg/mL for binding to film in measurable levels in both the timed and heated experiments. In a study of meat emulsion formation, Galluzzo and Regenstein (1978) stated that a 10 mg/mL protein concentration more closely mimics gelation in a meat product than do lower protein concentrations. They also stated that a higher concentration was preferred for their study, but the protein solution would have become too viscous for their purpose. 
Experiment 1. Time Effects
Preliminary trials during methodology development showed that when a 23 mg/mL solution consisting of myofibrillar and stromal proteins was in contact with either binding or nonbinding films without heating (< 10 C) there was binding of protein to the film. Protein aggregation was observed without the addition of thermal energy in a weak protein solution of less than 15 mg/mL (Acton and Dick, 1984) . Therefore, it is possible that some protein to film interaction will occur without the application of heat. In preliminary work, as the time of exposure was increased (from 5 s to 60 min), the amount of protein adhering to the film decreased (data not shown).
A loss of protein adhesion due to extended exposure time was also observed in a previous study. When the refrigerated samples of meat in the film were held overnight prior to heating, there was no adhesion in any of film types (Clardy and Dawson, 1995) . It has been shown that storage was detrimental to protein gelation (Xiong and Brekke, 1990 ). Nakai and Chan also (1988) noted that, at temperatures below 50 C, protein denaturation and dissociation of muscle protein complexes can occur without the accompanying gelation.
In the timed experiment, binding occurred on all three film types (two binding and one nonbinding) after only 5 s of contact with the protein solution (Table 2 ). In retrospect, the measurement of adhesion at this short exposure time may be confounded by the interaction of the liquid with the dry film surface. That is, at shorter exposure times, a state of equilibrium is not reached between the packaging film surface and the protein solution. Therefore, it is theorized that the short exposure time resulted in increased protein recovery at the film surface due to both the protein-film interaction as well as adsorption by the dry film surface ( Table 2 ). The amino acid concentrations recovered from the film surface at 5 s were relatively high, then decreased after 20 min of exposure to the nylon film. This effect could be caused by the migration of deposited protein material to the solution following saturation of the film surface. In the case of three of four amino acid groups, as exposure time to polyethylene increased (from 20 to 40 min) the amino acid concentrations on the film surface increased. The consistent decrease in binding of protein to film (binding films) over time, visually observed in a preliminary study with the mixed protein solution (myofibrillar and stromal), was also observed for the polyethylene film in this experiment.
These results seem to support the theory that some protein-film interaction occurs without the addition of thermal energy. At Time 0, differences in film type are present but may be due to the lack of equilibration time and possibly different rates of adsorption due to differing film types. After exposure for 40 min, the amino acid concentration on the polyethylene film was significantly higher than concentrations on the binding films (nylon and Surlyn ™ ), which were not different from each other except for the polar amino acid group. Amino acid concentrations were highest after 60 min of exposure for the two binding films (nylon and Surlyn ™ ) except for the polar amino acid group on Surlyn ™ , which decreased between 40 and 60 min of exposure. All amino acid group concentrations decreased on the nonbinding polyethylene film between 40 and 60 min of exposure. After 60 min of exposure, the acidic (aspartic acid and glutamic acid) and basic groups (histidine, lysine, and arginine), which represent 46.5 to 47% of the amino acids in the stock protein solution, accounted for about half the total concentration of amino acids present on the film. The nonpolar group (glycine, alanine, valine, isoleucine, leucine, and phenylalanine) included the most amino acids and consistently bound the greatest concentration of amino acids for the binding but the next to lowest in the nonbinding films. The polar group (threonine, serine, tyrosine, and proline) was the lowest binder for all cases except for the Surlyn ™ film at 40 min, in which it was the highest.
Due to the high energy needed to form and break the peptide bond, it is unlikely that this bond type is involved in meat-to-film adhesion. Meat-to-film interaction will more likely involve hydrogen bonding or hydrophobic interactions, as the film material contains no sulfur for disulfide linkages.
The amino acids in polar, acidic, and basic groups can all participate in hydrogen bonding. Hydrogen bonding can form between two peptide chains, thus linking the two chains. The noncovalent hydrogen bond is relatively weak (0.1 to 6 kcal/mol bond strength) compared to covalent peptide bonds (∼70 kcal/mol bond strength). However, the formation of multiple hydrogen bonds between peptide chains makes the hydrogen bond an important factor in protein structure. Because of the similarities between plastics and proteins, there could be a related interaction. This interaction could be promoted by the binding film surface because as time increased the amino acids concentration on the film surface increased. The nonbinding films followed this trend up to 40 min, suggesting that they participate in hydrogen bonding to the extent that the binding films did. The nonpolar group, which participates in hydrophobic interactions, showed a greater amino acid concentration at 40 min of exposure on the nonbinding film compared to the Surlyn ™ . At 60 min, there was a significant decrease in the amino acid concentrations on the nonbinding film, which suggests that hydrophobic interactions may initially form but dissipate over time. This decrease could be due to the lack of heat-induced changes in the protein structure seen in heat-stabilized protein gels. Acton and Dick (1984) stated that below 21.1 C, there was limited protein interaction in beef muscle. Breast tissue actomyosin begins initial protein interaction at 30 to 31 C (Yashi et al., 1979; Acton and Dick, 1986 ). As we saw in the timed study, there was some protein binding at 25.8 C. When the solution temperature was increased, protein binding was found on the Surlyn ® film. Heating a meat protein system results in changes in protein conformation and structure that are associated with denaturation, aggregation, and possible protein-to-film association.
Experiment 2. Temperature Effects
The types of bonding that were discussed in the timed experiment are theorized to occur during heating. The acidic, basic, and polar groups will participate primarily in hydrogen bonding and the nonpolar group will participate in hydrophobic interactions. The temperatures used are not believed to be sufficiently high enough to break or form any covalent bonds; therefore this type of bonding is probably not a factor in meat-to-film adhesion during heating.
The concentrations of amino acids in the 40 C samples (Table 3) were in similar ranges as samples in the timed experiment (Table 2) , which was performed at 25.8 C. Amino acid concentrations on Surlyn ™ increased between 40 and 55 C in the acidic and nonpolar groups as well as for total amino acids (Table 3) . Using chicken breast and thigh meat, the first stage of irreversible myofibrillar protein aggregation involving the globular heads of the molecule (Acton and Dick, 1986 ) falls between 40 and 55 C.
Between 55 and 80 C, amino acid concentrations continued to increase on the Surlyn ™ film for the total, acidic, polar, and nonpolar amino acids (Table 3) . The second transition observed in chicken protein extracts that involves structural changes in the helical rod segment of the myosin molecule (Acton and Dick, 1986) occurs in this temperature range. Xiong and Brekke (1990) also noted that a major transition in pre-and post-rigor chicken occurs within the range of 55 to 64 C, with the value dependent on rigor state and pH. The events that occur at this transition stage suggest that the critical interaction for protein-to-film adhesion is between the chemical structure of the film sealant layer and the "rod-like" tails of the protein molecule. The Surlyn ™ showed increases for the polar amino acids between 70 and 80 C. Yashi et al. (1979) noted "conspicuous" increases in shear modulus of a 4.5 mg/mL protein solution of rabbit skeletal muscle between 30 and 60 C, with the maximum value occurring at the latter temperature. If meat-to-meat binding mechanisms are similar to meat-to-film binding as theorized, the increased binding observed in the Surlyn ™ film at 80 C, compared to 55 and 40 C, follows the results of Yashi et al. (1979) . In the current study, the only differences in film types were seen at 80 C, at which point the Surlyn ™ was greater than the nylon and polyethylene in all amino acid groups except for the polar group.
The binding films maintained or increased protein concentration compared to the nonbinding film when heated to 80 C. As the protein molecule undergoes structural changes, more binding sites are exposed for interaction with the film surface. Because protein denaturation is irreversible, these bonds will not dissociate as easily as was seen in the timed experiment. The nonbinding polyethylene film reached maximal binding at 55 and 70 C. Aside from simply binding slightly less protein, this peak at 70 C was the major difference between the binding and the nonbinding films. Applied to a cook-in-the-film product system, the nonbinding film can form temporary linkages that are not stabilized at the heating temperatures required to stabilize meat-to-meat structure.
To discuss the participation of amino acid types in meat-to-film binding, the amount of bound amino acid to the film can be expressed as a percentage of the amino acid type available in the solution, i.e., the amount of bound amino acid [(milligrams per 100 cm 2 film)/amount of amino acid on the solution (milligrams per milliliter)] × 100. At 40 C, for the temperature effect experiment, all films bound between 5 (Surlyn ™ -polar amino acids) and 9% (polyethylene-acidic) of the amino acid available in the solution. After heating to 80 C, the Surlyn ™ film bound 59.2, 56.8, 58.3, and 51.3% of the available acidic, basic, polar, and nonpolar amino acids, respectively. After 80 C, the nylon bound 31.0, 30.3, 26.3, and 27.5%, whereas polyethylene bound 20.4, 15.7, 19.2, and 15 .6% of the acidic, basic, polar, and nonpolar amino acid groups, respectively.
Surlyn ™ bound more amino acids in total and three of the four groups than nylon or polyethylene at the 80 C endpoint temperatures. Surlyn ™ continued to add more bound protein as the endpoint temperature increased to 80 C, whereas that of nylon did not increase. The higher temperature-related protein transitions result in greater interactions with the Surlyn ™ , whereas nylon and polyethylene show no increase in protein binding. The nylon and polyethylene also had a greater variation in bound protein between heated samples. Thus, in order to maintain meat-to-film adhesion in "cook-in package" products, heating within 0 to 30 min after initial meat-film contact is necessary. Furthermore, both hydrophobic interactions and hydrogen bonding appear to participate in adhesion at the meat-film interface.
